Acid Mine Drainage (AMD) needs to be treated before it can be re-used or discharged in receiving water bodies. Several treatment methods are applied, including biological sulphate removal. The study presented here showed that mine water was remediated biologically, using the degradation products of grass-cellulose, as carbon and energy sources for the sulphate reducing bacteria (SRB). A laboratory scale one stage anaerobic bioreactor (Vol:20 L) containing grass cuttings, and biomass consisting of rumen fluid and immobilized SRB, was initially fed with synthetic sulphate rich water and later with diluted AMD. The results indicated an average of 86% sulphate removal efficiency when feeding synthetic sulphate rich feed water to the reactor. When feeding diluted AMD, the highest sulphate removal efficiency was 78%. The sulphate removal was dependant on COD concentrations in the reactor. Increased COD concentrations were obtained when fresh grass was added to the reactor on a regular basis. Metal, especially iron, removal was observed due to the metal sulphide precipitates formed during biological sulphate removal.
Introduction
South Africa's economy is heavily dependant on the coal mining industry, since 77% of SA's energy is supplied by coal. Both the mining and the burning of coal generate polluted water and air, which impacts negatively on the environment. Not only coal mining, but also gold and platinum mining, produce high volumes of AMD. Globally, several mine water treatment technologies have been developed over the years, such as the chemical and biological sulphate removal technologies. The major disadvantage of applying biological processes for the treatment of sulphate and acid rich effluents is the operational costs associated with the carbon and energy source. Cheaper alternatives, such as the use of the fermentation products of organic waste, have been proven to be suitable as electron donors (Coetser et al., 2000 , Rose 2000 , Dill et al., 2001 ). When cellulose is fermented in the anaerobic degradation process, Volatile Fatty Acids (VFA), carbon dioxide (CO 2 ), hydrogen (H 2 ), and ultimately methane (CH 4 ) are produced. This process involves cellulose utilizing microorganisms, present in the guts of ruminants (Lynd et al., 2002) . The Sulphate Reducing Bacteria (SRB) can also assist in the degradation of complex polymers. SRB utilize H 2 , propionate and butyrate, oxidizing these fatty acids completely to carbon dioxide or to acetate (Oude Elferink, 1998 , Harmsen et al., 1996 , Greben and Baloyi, 2004 . In this study the sulphate removal efficiency was investigated when the fermentation products of grass cuttings (GC) combined with rumen fluid microorganisms were used as the electron donors for the biological sulphate removal technology, operating a one stage reactor, treating synthetic feed water and pre-treated mine effluent.
Methods

Feed water
Sulphate rich feed water (initially synthetic, later AMD) was used as feed water for a single-stage reactor system (FR), containing a sulphate concentration of ≈ 2500 mg/L. Since the pH of the AMD was 2.5, total Fe: 76 mg/L, Mn: 9 mg/L, Zn: 4 mg/L, Mg: 77 mg/L, Pb and Cu < 1 mg/L, this AMD was pre-treated with the alkalinity and sulphide rich treated water of the biological reactor in a 1:1 ratio (Greben et al., 2000 (Greben et al., , 2003 , thus increasing the pH and precipitating the metals as metal sulphides.
Carbon and energy source
GC were used as the source of cellulose, of which the formed fermentation products served as the carbon and energy source in the reactor.
Reactor system and biomass
A one stage anaerobic reactor system, FR, (Vol 20 L) was operated at 37-39 °C (Fig. 1) . The bottom part of the reactor contained anaerobic sulphate removing biomass, immobilized on ceramic rings (250 mL, VSS of 9.6 g/L) obtained from a biological sulphate removing demonstration plant (Witbank, South Africa). The top part of the reactor received 1000 g GC at the start of the study, which were replenished on days 1, 32, 46 and 62 with 150 g GC. Rumen fluid (250 mL, VSS of 10.6 g/L) obtained from fistulated ruminants (University of Pretoria, South Africa) was added to the GC. The pH of the reactor was controlled between 6.6 and 6.9.
Experimental
The feed water entered FR at the top (Fig.1) . The recycle (360 L/d) was installed from the fermentation part of the reactor to the top for improved mixing purposes. The effluent left FR at the bottom. The feed rate was 5 L/d when synthetic feed water was used while this was 15 L/d and 30 L/d, respectively, feeding diluted AMD. Fresh grass (150 g) was added to FR on days 1, 32, 46 and 62, resulting in four experimental periods. When feeding diluted mine water, GC were added according to the following pattern: 25 g on day 2, 100 g on days 6, 12 and 34 and 1000 g on day 27. From day 41-60 it was 20 g/d and from day 61-78, it was 40 g/d. There were three experimental periods: d 1-37, d 41-49 and d 50-78, when feeding AMD. 
Results and Discussion
Sulphate removal feeding synthetic feed water
The chemical composition of the feed-and treated water is given in Table 1 , while the sulphate removal rates are presented in Table 2 during the 4 periods. The results indicated that the sulphate removal in FR is stable and that the total sulphate removed during periods 2, 3 and 4 were similar at 176, 175 and 172 g over a period of 14 and 15 days. The higher total sulphate removal of 194 g in the first period can be ascribed to a longer period of 19 days. The sulphate removal efficiency in FR during the four periods was 84, 91, 88 and 80%, respectively. The results in Table 2 showed that during each period a total of 435, 245, 223 and 190 g sulphate was removed per 150 g of grass supplied, and that the highest sulphate removal was obtained during period 2 (2.52 g/L), followed by that in period 3 (2.33 g/L), during period 4 (2.29 g/L) and period 1 (2.04 g/L).
VFA utilisation feeding synthetic feed water
The data in Table 3 During period 1, the acetate concentration was 649 mg/L, which decreased to 449 mg/L in period 2, to 88 mg/L and to 27 mg/L in periods 3 and 4, respectively. These results may indicate that less butyric and propionic acids were produced and utilised, therefore less acetate was produced or that due to the low concentration of butyric and propionic acids, the acetic acid was utilised for sulphate reduction in FR.
3. COD concentration when using synthetic feed water Table 1 showed that the residual COD concentration in the final effluent varied from 1724 to 1965 to 1519 and to 1276 mg/L, respectively. The highest residual COD concentrations corresponded with the highest sulphate removal. The residual COD is non-usable COD (e.g lignin), since most VFA (Table 3) were utilised, except for small concentrations of acetate (Table3). 
Sulphate removal when feeding diluted AMD
The chemical compositions of the feed and the treated water of FR during the three experimental periods are presented in Table 4 . The highest sulphate reduction was obtained during period 2, when the feed rate was 15 L/d and 20 g/d grass was added daily over a period of 8 days. During this total period 160 g grass was added while 205 g sulphate was removed in FR. These results indicated that 1 g grass removed 1.34 g sulphate, thus showing that a potential waste product can be used beneficial in water treatment technologies. Rose et al. (2000) showed that diluted primary sludge can be used for sulphate removal from mine water. Waste utilisation, rather than treatment, reduces waste pollution and provides a source of energy (Sonakya et al., 2003) . The hydrolisation of organic waste produce soluble intermediates due to the presence of exoenzymes, e.g. cellulases, amylases, proteases and lipases (Sonakya et al., 2001) . During the first period, the average sulphate reduction was 1472 mg/L, while this was 1708 mg/L during the second period. During period 3, the removal in FR was 1284 mg/L. Increased alkalinity and sulphide concentrations were observed as well as a decrease in the redox potential, the preferred reactor conditions for sustained sulphate reduction and COD/VFA utilization. These results showed that sustained sulphate reduction was maintained when GC were added to the reactor regularly.
COD concentration
The COD concentration in the reactor was dependant on the addition of GC and on the cellulose degraders (rumen microorganisms). It can be observed from Table 4 that the residual COD concentration in the treated water of FR during period 3 was 480 mg/L, while the sulphate concentration was 1068 mg/L, which resulted in a COD/SO 4 ratio of 0.45, which is too low to maintain sulphate reduction. The theoretical feed COD/SO 4 ratio is 0.67, however, in that case all COD is needed for the biological sulphate removal. The reactor COD/SO 4 ratio should be approximately 1, to sustain sulphate reduction as well as cell growth (Rinzema and Lettinga, 1988) . 
Metal removal
The feed water (comprising diluted AMD) for FR contained several metals in different concentrations. In order to remove the metals prior to feeding AMD to the reactor, the AMD was pre-treated with the effluent of FR. This effluent contained sulphide in concentrations of 396, 504 and 355 mg/L, respectively, during the different experimental periods (Table 4 ). The data in Table 5 showed the metal concentration in AMD, in the pre-treated AMD as well in the treated AMD after sulphate reduction. It can be observed that most metals were already removed during the pre-treatment with the sulphide rich effluent and that those not completely removed during the pre-treatment were precipitated during the biological sulphate removal process. All metal concentrations were < 0.10 mg/L, except for iron and manganese. 
Conclusions
Based on the results of this study the following conclusions were made:
• The fermentation products of GC could serve as the carbon and energy source for continuous biological sulphate removal. The VFA produced, mainly in the form of propionate and butyrate, were used for the biological sulphate removing process, producing acetate.
• The addition of a high concentration of GC (1000 g/week) resulted in a high COD used /SO 4removed ratio and in a residual COD (acetate) concentration. When 150 g GC per two weeks was added, a sustained sulphate reduction during four experimental periods was observed (84, 91, 88 and 80%, sulphate removal efficiency, respectively).
• The highest sulphate removal was obtained (205 g) over a period of 8 days, when a total of 160 g GC were added, feeding pre-treated mine water at a feed rate of 15 L/d. During this period, sulphide and alkalinity were produced, the reactor pH increased and the redox potential in the reactor was -194 mV.
• When the feed rate was increased and when the grass allocation stayed the same, a lower sulphate removal was observed, indicating the direct relationship between the GC addition and the sulphate removal.
• Metal removal was observed due to metal-sulphide precipitation.
